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Abstract. In this paper we _ the development ofHg ÷ microwave frequency standards fox use in high
reliability end co,tinuom opention applicatiou. In recent work we have _ _rt-tenn frequency

•stability of 3xl0"141_/xwhea a,cryoBenk o_-'iLlatorof stability 2-3x10 "iswas reed as the local oscillator. The

itvl f_equdm_ _ Cmp|oy_ I _'_ di_lchl_e _ to o_¢_y _ _ tgllppod I_+ clock ions
snd • hafium buffer gas to cool the i_m to near room temperature. We de_ribe a mall Hg* imt hap based
frequency standard with an extended linear ion trap (LITE) architecture which seperat_ the optical state
selection region from the clock resomu_ region. This seperation allows the use of novel trap configurations in
the resonance region since no optical pumping is carried out there. A method for measuring the _ze of an ion

cloud inside a finest trap with a 12-rod trap is currently being investigated. At ~10 "n, the 2"aorder Doppler shift
for trapped mercury ion freqttency standards is one of the largest frequency offsets end its measurement to the 1-
% level would represent an advance in insuring the very long-term stability of these standards to the 10"14ox
better level. Finally, we describe atomic clock comparison experiments that can probe for a time variation of the

fine structure constant, a = e2/2xhc, at the level of 10"_/year as predicted in some Grand Unified Slrin 8 Theories.

INTRODUCTION

A small, continuously operating atomic clock with stability of 10_5 or better would advance the art and science of

spacecraft navigation in deep space and enable space-based tests of general relativity that far exceed the sensitivities of

earth-based tests. Similarly, continuously operating earth-based clocks with stability approaching 10"_6for averaging

intervals between I000 and I0,000 seconds would enhance the search for low frequency gravitational waves via careful

Doppler tracking of the Cassini spacecraft en route to Saturn. These goals have defined and shaped the technologies
used for the development of the ultra-stable linear ion trap Hg + at the JPL Frequency Standards Lab. Because io_ in a

--rig runs into me t'=_ ground bypeffme leve_ m a second or so. Pumpmg into tl_ state proceeds _th _ _

of only a few uv photons per ion and thus, a hi,gh signal-to-noise ratio in the nmmued dock resonance can o_y be
achieved with large ion clouds, typically with 10 ° to 10" ions. Motivated by these constraints, we first recognized and

developed the linear ion trap [1] for storage of ion clouds that were ten or more times larger than could be stored in a

conventional Paul trap. Because the linear trap replaces the point node of the Paul trap with a line of nodes, there is no

increase in Doppler shift from the excess ff micro-motion caused by space charge repulsion of ions from the vicinity of
the node region.

We have built 10 fxeqnency standards based on Hg ions in a linear trap, seven of the style shown in Figure 1 (LITS)
[2] and three of the extended type (LITE) [3] as shown in Figure 4. Both the LITS and the LITE architectures have

demonstrated frequency stability well into the 10"l_-stability range.

RECENT RESULTS WITH LITS/CSO COMBINATION

Figure I shows the configuration for the original Linear Ion Trap Standard (LITS). Ions arc loaded into the trap with

an electron pulse injected along the trap axis that ionizes a vapor of isotopically enriched tg_I-Ig atoms at a pressme of

10¢ "Ion"or less. This low pressure vapor is generated by heating a mercuric oxide (HgO) powder to 200C or higher.



With a background base vacuum system pressure of a few xl0 "_°Tort, ion-trapping times of a few hours can be
achieved.

FILAMENT

TO VACUUM

FIGURg 1. The linear ion trap based frequency standard is shown above. The tntp is housed in a titanium
vacuumcube. The molybdenumtrap rodsare 5 mm in diameterand are mountedon a 20.3 mm circle. The endcap
electrodes are separated by 75 ram. State selection light from a _ discharge lamp enters from the right, is
focused onto the camtnd1/3 of the trapped ions, and is collected in the horn. Fluorescence from the ions is
collected in both directions normalto the page.

The LITS has shown excellent signal-to-noise in the measured clock transition and is determined by the size of the ion
resonance line and the level of stray light output from the 2°2Hg lamp. Signal levels as high as 80,000 with a
background stray light rate of about 180,000 have been measured in a 1.5-second collection interval with dual

fluorescence collection optical modules. These signal levels were measured with an 8 second Ramsey interrogation of
the 40.5 GHz Hg+ clock transition and will yield a clock performance ¢_y(x)= 2xl0"14/_/x as calculated from signal-to-
noise and line Q. This short term perfonmn_ exceeds the noise level for all but the very best short tmn stable
oscillators, even the best H-masers available in our lab.

Recently, a clTogeni¢ compensated sapphire oscillator (CSO) [4] has been develol_ in our lab and has been used to
measure the un-degrnded L1TS performance. This continuously o nting ctyo-cooled liquid Helium refrigerated
sapphire cavity oscillator delivers short-term stability of a few xl to a few hundred seconds and is adequate to

measure the ion standard short term performance. The LITS standard is m_ to the Compensated
Oscillator [4] as shown in the schematicconfiguration of Figure 2. During this measurement the LITS calculated
stability from signal-to-noise and line-Q wasapproximately 3xlO"4/_x as wasmeasure(LThis showsthat for short-term
performance there are no additional noise sources larger than shot noise of the total collected uv lighL

Another measurement shown schematically in Figure 2 is steering the CSO to follow the ion clock resonance and

compare that mttpet to a SAO hydrogen maser. This shows that the LITS-CSO combination at 3xl0"14/_x, exceeds the
hydrogen tnas_ stability for all averaging time intervals over the duration of this measurement. This measurement was
carried out with a large ion cloud with a second order Doppler shift of over l0 "12 and consequently, a potential for noise
sourceshem Doppler instabilities. For this reason and in order to reducethe size of the L1TS we have changedthe
architecture of the LITS clock to exploit the mobility of chargedions and that they can be electrically transportedhem
oneend of a linear trap to another.



Hg+ Linear
Ion Trap

40.50734799xx GHz T
C_yogenic I

Sapphire Oscillator <

LrTS

Computer

LITS

VS.

CSO

Frequency error

_ [ . Time _LITS/CSO
100MHz-I _ IHz '_" L Inten_ VS.

H-Ma_

Elpre Z Sdmnafic ofthe med_ reed to metsm_ the LITS _ort-tenn frequency_ility qaimt theultra-
ruble cxyo.cooled sapph_ mciUator.Abo _own here is the measmement of the frequencystability of the
IJ13/CSO combinationcompeted to the mbility of a hydrose,,,maser.

1E-12

1E-13 • ,

3x10__zu=

UTSva C80
1E-15

L rs/c_o vu H-n,-- ,,

• \• IIii 5 O 4)

.!

|I •

R I I IIIIJ J I I IJIll J J I IJllJ_ 1 1 I IlllJ1E-16 .......................

1E-I 1E+O 1E+I 1E+2 1E+3 1E+4 1E+5 1E+6

Measuring Time (seconds)

EItlre & The _Allm Deviatioa ofthe LIT3 vs CSO(inverted_im_les) andtheLrrs steefi_ theCSO
vsa _ maxf (circles_ TheLITS vsCSOdatt demonstratesthatforthneslemthan200 second&where
the CSO is betterth,m the LITS, the LITS stability is 3xlO"41V'c,bettertim anylmmive atomic frequency
mndsrd luredmnmmmted, la the second mmsmement shown hm_ the L1TSsteen the CSO to remove its
dqnxlinl mdxlity beyond200 m:ondt TheLITS/CSO¢ombimtimexceedsH-maKrmbih'ty for the denttio, of
the_t interval.



LINEAR ION TRAP EXTENDED (LITE)

One mod/flcation to the LITS architecture that we are investigating is the extended linear ion trap shown in Figure 4.

This layout pan/t/one a linear trap into an optical interrogation region, similar to that shown in Figure I, and adds an

extens/cm to carry out the microwave clock transition. The ions are moved flout one region to another via a --5 volt tic

voitap bias applied to tbe trapping rods of that region. There are several advantt_ to the L/TE architectt_ ovm. the

L1TS arrangement where the magnetic shields surround the full optical system. In the LITE, the lamp and its rfexciter

are outside the magnetic shields which will isolate it both electrically and thermally from the ion resonance region. The
lamp exciter dissipates 10-20 Watts at -170 MI-Iz and can cause tempemlare variations oftbe wcuum chamber and

stray, unsh/dded magnetic fields in the ion resonance region. S/m/lady, ground return currents in the bias feeds to the

re_st/vely heated filament, and filament emission grid collection leads, photo-mulfipl/er high voltage l_pplies, etc. are

all inside the multi-layer magnetic shielding of the LITS, unlike in the _ shown below. In addition, the optical trap
region and the remmnce trap regimm can be designed separately to addrem each _/-the _ _ _. _

rmommce _tr_p ¢m be de_gnecl to _iow the ion cloud second on_r _ _mifl to be memmed mKi thin _ _
_ in t_z next m:tio_

FIBre 4. TheLinesrIm Trap extended _). The two distinct taskJ ofoptical state _on md
microwave inmm_on are ¢anied out in separate regions. _ are electrically _ _m one region to
theo_er byadc biason the nxls to exclude iota f_rn either resion.

HARMONIC LINEAR ION TRAPS

The hannonicity of a traditional four-rod linear ion trap is a function of rod diameter and spacing. Improved
hannonicity can be accompfished with variations to this geometry. For example, fisure 5 shows a _ear ion trap

conflgmatioa bated on a cylinder that has been cut along its length into eight sectors, four at 60 ° angular width and



four at 30" angular width. The quldrupole r_lu/remem, o(p,e + _2) =. ®(p,e), leads to the expauion for
potential insidethe cylindrical linear

¢(p,O) = Co0=sin(2e) + Cip6sin(60) + C2pl°sin(100) +...

If the 30" secton are grounded and the remaining 60° sectors are biased in a quadrupole fashion m shown, the reselling
field is veay hammnic, i.e., Ct = 0.

An approximate implementation o/' this 60o/30 . arrangement iil shown in Figure 5. It consists of 12 circular rods with

every 3rd rod grounded with the two intervening rods held at the same potential. This arrangement has the same
60o/30 . symmetry e/'the sectored cylinder.

F

-v _+V

Figure & The trap on the left produces a very harmonic trap potential _o,e) = CooZsin(2e) +

C-2p_°sin(100) + .... The trap on the right is an approximate implementation of the 60"/30" symmetry
constructed with 12 round rods.

.ION CLOUD SIZE MEASUREMENT

The four mxili_ grounded rods mu be used to paerate a qt=dmpok magnetk field imide _ _ _ _

node line mincidea with the node line of the rf _ fields. The shift of the clocktransitionwithappliedmagnak
field is quadratic, v = vo + cxiI2 where H is the total applied field and = is the semitivity factor, ct = 97 Hz/Gau_ - 97

_z/mO 2 for the "_g+ clock transition. If the field is the laun of a static homogenecms field, Ho, along the trap axis

and the transverse quadrupole field, Itx(r), from the four auxilimy trap rods we find v = Vo + cx (He + &(r))= = Vo +
edge2 + aitz 2. Since bz(r) = h'(_ y + j3 x) and therefore, Iti 2 - Ca')2p2 , the magnetic shift of the clock mmsition

grows qmalratic_ with dimnce from the node line. The clock t_quency is the average aftl_ sFatially _/ield
ov_ the ion deed dim/Ixaj_ a¢o). l"nw, (v)= Vo+ oJ]o: + a(p_(h'): where the brackm, (), indicate averase over
the ion cloud _ A measurementofthefrequencychangeofthedock trap_tionwhen thetmnsven_ field

kz(r) is applied can yield a nza.cartment of the ion deed radius. The quantities which determine (p=) are ion number,

ion temigtatu_ and the trap rf level and its resulting secular hequet_, m,,,. For a fixed secular frequency and buffer
gas pressure, ion number and temperature are not independent thus a measurement of (p2) could be used to servo the
electron emission to hold the ion number (and temperature) constanL

To estimme the size ofthe shi_ suppme (p=) = 1 mm= and h' = 20 mG/mm. The shi_q when the quadrupole field of
this strength is switched on is 97 laJ-Iz/mG=x I mm= = 400 mG2/mm == 40 mHz which corresponds to a 1 x 10"n shiR



of the clock transition. With a trap radius R., 5 nun the field gradient produced at the center is h'., (_o r)/(n R=) ,, 20
mG/mm at a quadrupole excitation current of I = 125 mA. Even with (p=) = 0. l mm2 , a 400 mA current will produce
a 10"_=clock shift. A clock with 10"_]/_/xshort term s',Jbility will measure this offset to about 1% in a few minutes of
averaging time, _.

1"2Relaxation in hi field gradient

One problem that must be avoided with this technique is relaxation of the high Q clock transition in the field gradient

of the quadrupole magnetic field, h±(r). This method depends upon the clock transition shifting an amount
proportional to (O2} with little or no reduction in the signal size and line-Q Ion motion in the applied field gradient can

mix the two Zceman states F ffi 1, n_ = ± 1 with the upper clock state F ffi 1, m_ = 0 and cause a rapid relaxation of the
coherence between the two clock levels F =1, mF =0 and F = O, mF ffi0. The frequency spacing to these Zccman levels
increases at _=1.4 kHz per mG of applied field 114,,which is typically about 50mG.

The trajectory of an ion in the p, 0 plane determines the spectrum of time variation of the quadrupole field, h_(r). The

coherence in the clock transition will relax rapidly as this spectrum overlaps with the Zeeman states at COo= 4-y Ho,
where ?/2z = 1.4 kHz/mG. Harmonic motion through the trap center leads to a magnetic field variation at the secular

frequency of the trap, ram. These are the 'free particle' limits. When space-charge repulsion is important (as for a huge
cloud), these fi_quendes move down. Thus, it would appear that to avoid relaxation via mixing with the Zeeman states
we must run the static field H, high enough so that 7 Ho > co,._. As the static field is increased the clock transition
grows more sensitive to field variations and the clock is potentially less stable.

Relaxation rates to the Zeeman states from the upper clock state can be estimated from ram"relaxation rotes given in-
the Redfield theory [5,6]. The time dependent magnetic field seen by an ion moving in the field gradient of h±(r) can

have spectra] overlap with the frequency splitting to the Zeeman states O_o= + -f He thereby transferring atoms into this
state. In this estimate, the rate at which this occurs is assumed to be the same as the rate of coherence loss in the clock

transition. The transfer of population occurs at a rate Tl'1 = 72 Ca,)2 (Sx(COo)+ Sy(O_o))/2where we have used [V Fix[2=

]V I-_ [2= (h,)2 in the notation of ref [5]. The spectrum of the time variation of the field gradient seen by the moving

ion S_(co) = Sy(co)~ (21_T/mo_m2Xto(to'2+(o_ - C0m)2))"Iis assumed to be a Lorentzian shape centered on the ion secular

fxequency, m,._, with width determined by the ion collision rate, to_, which changes the phase of the ion secular motion

within the trap. The spectrum is derived from a harmonic oscillator which is randomly re-p_ at an average time
interval of to. These collisions could be with other atoms or ions, or could be with the trap end confinement fields where
each mrn-aronnd at the end cap field will disrupt the secular frequency phase. The coII/sions must be of sufficient

strength to randomize the phase of the harmonic secular motion. The mean square amplitude of the transverse motion

is 2ksT/mco, 2 = (p2), determined by the secular confinement and the ion temperature, T. We re-write the population
rate transfer in terms of the frequency shift when the quadrupole field is applied, 8v = oc(p2)(h') 2, as Ti"l w 72
(Sv/ct)(to(to'z+(mo - axe):)) "i. Taking to - 1 msec, C0o-C0m= 2x 50 kI-Iz,and 8v : 40 mHz, we find that Tlt _ 300/see, a
very rapid loss of coherence in the clock transition.

One posm'ble solution to this near resonance relaxation is to apply the quadrupole field at a fn:quency, _ much higher

than the secular frequency, com... Since along the path of the ion trajectory, hl(r(t)) = h'(_ y + ._ x) = ho'coef/t

(yosincomt 3_ + xesin(a_mt + _)._), the frequencies of the quadrupole field seen by the moving ion are now up-shifted to

+ corn which can be 10 or more times higher than 7 He to avoid the mixing to the Zeeman states and loa of

coherence in the clock transition. In this case the dominant frequency seen by the moving ion is - _ so that 1"1_ _ 72
(Sv/ccXto(to'=+(mo- G)2))-I. If the quadrupole field is applied at 2 MHz the relaxation rate is, TI1 m 0.2/see, much
slower than with the de quadrupole current and thereby preserving the line Q and signal size.

CLOCK COMPARISONS TO TEST FOR ALPHA VARIATION

A stringent test of modem grand unified theories can be carried out in laboratory clock frequency comparisons. Some

theories [rofl predict a slow time variation of the fine structure constant, oc= e_/2xhc, due to the expansion of the
universe. Because ezdescribes the strength of electromagnetism, its time variation would lead to a slow time variation

of nil atomic energy level spacings. There have been several attempts to find a changing czby comparing clocks or



spectral _ of different "eleotmmaguetic competition" that is, atomic tmmifions which have a different depeadenm
on or.Thu& a microwave superconducting cavity mciilator fi_quency wu compared to a hydrogen nutaer traction

frequency [7], fine a_uetute intervals in Mg were compared to the hydrogen maser interval [8], and more recently,
multiple q_ectml _ from quasars with large colmological redshifla were compared [9]. In the quasar spectral data,
there is evidence that during the early universe ordiffered from its present day value by &odo_= -2.64(:1:0.35)x10 "s.
Although among the moat precise meamm:mentJ carried out, atomic clock rate comparisons were thought to be
imemitive to any change in ct since it was believed that all hyperfine clock tramitiom _:aled with c_ in the mine

manner. We recently showed [10] that the relativistic hyperflne interaction mengly violate, the uniformity _mding
with ct 1, the atomic munber Z of the clock atom increases. Thus a changing fine structure constant would force a

fractional frequency change between the hydrogen hyperfine frequency, v_m_, and an alkali atom or ion hyperflne
frequency, v_aha, acooniing to [10]

-(vhere X_. [l.(aZ)_] in. We mmpared aLITS Hg÷ clock fiequency to a hydrogen nurser frequency for llOdrjsto

limit frlN_iomd changes in (z to be l_ th_n ~ 4xlO-t4/ycar. Comparing lager cooled _ docks, for Omml_ , lib vs
could memane any linem"vatiluion in ot linger than ~lO'la/ye_ [ll], as good as the best limits placed on a time

variation of or [121.

A much more stringent search for an (xvariation can be carried out by searching for a spatial dependence of ¢zin the
strong gravitational potential at four solar radii, where gravitational time dilation slows all clocks by ~1 micro-second

per second as compared to Earth-based clocks. Because an expanding universe presumably drives a time variation in
we write

da da dU/c 2 da

dt - dU/c dt - dU/c It

Where H ~ 10"t°/year is the Hubble constanL Thus two or more clocks as payload on a four "solar radii solar flyby,
whose relative rates are compared, could probe for a dependence of czon U,_. Since time dilation effects are -10 "eat

four solar radii, clocks based on atoms of sufficiently different atomic number 7., with differential stability ~10 _ could

probe for d_/dU at the 10"_°level. This would reveal any time variation in _z larger than 10"_°per year. The design of a
slmcecrafl that can mrvive and function on a four solar radii flyby, where the solar flux is 4 Mega-Watts per mete, has
been studied at JPL for many years.
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